The method of transient XUV photoemission spectroscopy is developed to investigate the ultrafast dynamics of heterogeneous electron transfer at the interface between the N719 ruthenium dye complex and TiO 2 nanoparticles. XUV light from highorder harmonic generation is used to probe the electron density distribution among the ground and excited states at the interface after its exposure to a pump laser pulse 
Introduction
Heterogeneous electron transfer (HET) at the interface between a dye and a wide-band-gap semiconductor has attracted much interest in the last decades.
1 Following the invention of nanostructured dye-sensitized solar cell by Grätzel and O'Regan, 2 considerable efforts have been made to investigate fundamental processes induced by light in this devices. Among various combinations of the sensitizer and semiconductor materials, the ruthenium-based dye complexes, such as Ru(dcbpyH) 2 (NCS) 2 (N3) and its salt (Bu 4 N) 2 Ru(dcbpyH) 2 (NCS) 2 (N719), exhibit high efficiency (close to unity) of the HET mechanism in the visible range of the solar spectrum. [3] [4] [5] Due to this property and the achievement of solar-to-electric energy conversion efficiency exceeding 10%, the N719 complex has been considered over the years as a reference dye for studying fundamental aspects of photo-induced electron transfer properties in the DSSCs. 4, 6 The high injection yield of electrons into the semiconductor state is related to a rather fast HET process compared to other competing reaction channels. In order to reveal the competition of different processes, the application of ultrafast time-resolved spectroscopies is, therefore, needed to follow the complex electron dynamics induced by photoexcitation at the dye-semiconductor interface.
Femtosecond transient absorption spectroscopy represents so far the most common method used for studying the electron dynamics at interfaces. This method was applied, in particular, to investigate the injection kinetics from the Ru-based dye complexes to a TiO 2 layer.
The injection process was found to exhibit a coexistence of an ultrafast (≤ 100 fs) transfer component and one or more slower components occurring on a picosecond and even longer timescales. [7] [8] [9] [10] [11] This feature is associated with the population dynamics of different metalto-ligand charge-transfer (MLCT) states of the dye complex. Following excitation at the maximum of the absorption band (typically at a wavelength of 530 nm), the dye is initially prepared in the singlet 1 MLCT state. This state promotes the fast electron transfer directly into the conduction band (CB) of TiO 2 , which takes place simultaneously with an internal relaxation into the triplet 3 MLCT state via intersystem crossing. [12] [13] [14] [15] Both injection and relaxation processes were found to occur on a timescale of 50 − 100 fs. 16, 17 Injection from the relaxed triplet state is significantly slower and occurs on a picosecond time scale. To account for the competition in the injection kinetics between the direct electron injection and the intramolecular relaxation, Asbury et al. 15 proposed a two-state injection model.
The ratio between the short-and long-lived states were found to depend on the excitation wavelength, confirming that the main injection channel originates from the non-thermalized singlet 1 MLCT state.
15
Apart from the injection kinetics, the binding energies of the ground and excited states and their match at the dye-semiconductor interface are fundamentally important for the function of a DSSC. On the one hand, the energy difference between the donor (excited dye) and the acceptor (CB of TiO 2 ) determines the driving force for the electron transfer, 18 and on the other hand the excess energy represents a dissipation mechanism and by that influences the overall reachable conversion efficiency of the cell. Thus, a detailed knowledge of the energy structure is inevitable to better understand various experimental aspects and to specifically design new and more efficient sensitizers. For Ru-based sensitizers, the groundand excited-state redox potentials were measured by cyclic voltammetry combined with absorption and emission spectroscopy. [19] [20] [21] The molecular band alignment with the CB of TiO 2 was predicted by theory and the calculated results were verified by comparison with the absorption spectra. 22, 23 However, direct experimental knowledge of the energetics at the dye-semiconductor interface is not available until today and the development of other approaches is required to gain insight into the actual band alignment.
The method of transient absorption spectroscopy does not provide a direct measure of binding energies. The changes in absorption signal are related to the formation of positively charged dye cations or to the density increase of free electrons in the CB of the semiconductor.
The actual transitions that involve population of excites states are probed indirectly and it is difficult to draw conclusions about the energy structure in this case. In the present work we apply femtosecond time-resolved photoemission spectroscopy (PES) and demonstrate the capabilities of this method in both revealing the injection kinetics and determining the binding energies of the involved states. In a transient PES experiment, a short laser pulse in the visible wavelength range excites the dye to a higher-lying state, whereas as a second short pulse of high photon energy is applied at a variable time delay to ionize the system.
To be able to probe the ground and the excited states simultaneously, the photon energy of the probe pulse needs to be sufficiently high (> 7 eV). Tabletop XUV light sources generating pulses of ultrashort duration and employing up-conversion of the fundamental laser frequency via the process of high-order harmonic generation (HHG) in a non-linear medium, nowadays represent a well understood and established technique. 24, 25 With the use of modern femtosecond pump lasers, this technique allows the generation of a high photon flux in the XUV energy range reaching ∼ 100 eV and finds its application in a variety of different research fields.
26-29
In the present work, we employ our recently developed HHG setup dedicated to timeresolved PES studies. 30 We confirm the current understanding of ultrafast charge transfer at the N719/TiO 2 interface and provide additional information about the binding energies for the involved excited states. As a reference sample, we use the fluorine-doped SnO 2 substrate (FTO) covered with dye to ensure sufficient conductivity thereby avoiding charging effects. By measuring the injection kinetics at the N719/TiO 2 interface in comparison to the N719/FTO interface, we can clearly distinguish the unique properties of the TiO 2 electrode.
Such a comparison is straightforward to make, since the HET process at the N719/FTO interface is much slower and, in particular, the ultrafast injection component is highly suppressed.
31,32
Experimental section
Sample preparation
The glass substrate of 4 mm thickness, coated with a conductive FTO layer of 10 Ω/cm 2 resistivity, was purchased from Nippon Sheet Glass (NSG, Japan). 
Time-resolved photoemission spectrometer
A detailed description and characterization of the XUV light source can be found elsewhere.
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Briefly, a Ti:sapphire laser system delivering 2.5 mJ, 800 nm, 25 fs pulses at a repetition rate An energy resolution of 0.1 eV was derived from a calibration measurement by recording a XUV ionization spectrum of argon gas.
Results and Discussion

Steady-state XUV spectra
The energy structure of the ground state of N719 and the valance band of TiO 2 are inferred from steady-state XUV spectra, recorded without application of the pump beam. This value is in agreement with previously reported results for the N719/TiO 2 interface.
binding energies larger than 4 eV, photoemission from the valence band of TiO 2 dominates the ionization yield. In this energy range the signal intensity of bTiO 2 is higher (see Fig. 1 ).
This is due to the fact that, for the sensitized sample, the dye absorbs XUV light as well as attenuates electrons emitted from the substrate. It has received a description in terms of laser-assisted photoelectric effect from a surface.
37,38
The ionization yield integrated over a sideband of the laser-assisted ionization process represents a cross correlation (CC) signal of the pump and the probe beams. By recording the CC signal at higher kinetic energies in the XUV emission spectrum as a function of the time delay, we obtained a CC trace representing a convolution of temporal profiles of the pump and the probe pulses.
The results recorded with the bTiO 2 sample are presented in Fig. 2 (see left panel) . A fit of experimental data to a Gaussian profile yields a CC width of 98 fs (FWHM). This value constitutes the time resolution in the pump-probe measurements. The right panels in Fig. 2 demonstrate the appearance of the laser-assisted ionization sideband in the kinetic energy The peak intensity of the pump pulse was attenuated down to ∼ 10 10 W/cm 2 to prevent excessive ionization of the sample by this beam. At such an intensity, only a small amount of slow electrons was generated by the pump pulse and their contribution to the higher-energy part of the XUV spectrum was negligible. The spectral shift due to the spatial charge effect 39 was also negligibly small. This was verified by comparing the pump-probe spectra recorded at negative time delays (the probe pulse arrives first to the interaction region) with the steady-state XUV spectra. The negative-delay pump-probe spectra are, thus, used as a background measurement in the analysis of transient spectra presented below.
Ultrafast kinetics on dye-sensitized samples
The injection kinetics in the dye-sensitized samples was studied at the same experimental conditions as described above. dependencies exhibit a fast decay but clearly deviate from each other. At time delays larger than 2 ps, both transients manifest similar slow decay that occurs on a time scale of several picoseconds (see the inset in Fig. 3 for a larger delay range). In order to identify different decay channels and to determine the binding energies of the involved transient states, we consider separately the XUV spectra measured for the two distinct time domains: at time zero and at time delays larger than 2 ps. These spectra are shown in Figs. 4(a) and (b) , respectively.
The long-lived species appears to have the same binding energy and decay rate for both sensitized samples. Therefore, we assign this spectral component to population of the thermally relaxed 3 MLCT state of the dye. This is in accordance with the known fact that the triplet state manifests similar injection kinetics at different interfaces. 12,40 Its binding energy of 0.1 eV and a width of 0.8 eV were obtained from a fit of the energy peak to a Gaussian profile (see Fig. 4(b) ). The specified width represents a result of deconvolution of the apparatus energy resolution from the fit value. It follows that the 3 MLCT state lies 0.2 eV below the conduction band minimum. Injection from this state, however, is possible due to its large bandwidth, resulting in a partial energy overlap with the conduction band.
In order to reveal in more detail any differences in the early-time dynamics at the N719/TiO 2 and the N719/FTO interfaces, the slow-decaying 3 MLCT energy peak was subtracted from the spectra recorded at time zero. The results of subtraction are shown in It is important to note that although we apply a pump photon energy of 2.3 eV, the energy difference between the center of the HOMO band and the 1 MLCT state is found to be 3.0 eV. This means that the transition amplitude is larger for excitation on the higherenergy side of the HOMO band. This fact is illustrated in Fig. 6 where the initial state from which excitation takes place (denoted as ground state, GS) is depicted on the slope of the Gaussian profile representing the HOMO band. Therefore, it is questionable whether it is possible to combine spectra obtained by means of PES and absorption spectroscopies, as it was carried out in Ref. 42 In that work, the absorption spectrum was shifted on the energy scale to match the difference between the absorption and emission peak positions with the photon energy.
The energy positions of the 1 MLCT, 3 MLCT, and CB peaks identified in Fig. 4 were found to be independent of the time delay. Therefore, for each time delay the transient spectra could be fitted to a sum of Gaussian profiles with fixed central energies. A sum of three and two profiles were used for fitting the TiO 2 and FTO data, respectively. Using 
Injection kinetics
The results of the spectral decomposition of the transient signal were used to describe the electron dynamics at the dye-semiconductor interface and to derive the time constants of involved electronic transitions. For this purpose, we have adapted the two-state injection model by Asbury et al., 15, 16 which is schematically depicted at the left side in Fig. 6 . In this model, the initially populated non-thermalized 1 MLCT state can either inject electrons to TiO 2 with a rate k 1 or decay to the 3 MLCT state with a rate k 2 . The decay rate k 2 is determined by intersystem crossing, followed by thermalization of the triplet state. A direct excitation of the 3 MLCT state from the ground state of dye was found to be improbable at the pump wavelength of 530 nm. 12 The 3 MLCT state can inject electrons to TiO 2 with a rate k 3 . In the transient spectra, however, the spectral component associated with electrons injected to the CB from the triplet state is not distinguished. Therefore, in our analysis only the transient yield of injection from the singlet state, derived from the spectral decomposition procedure, is considered. The recombination to the ground state of the dye was reported to occur on a microsecond to millisecond time scale. 43 Since this is a by orders of magnitudes slower process compared to the injection channels, we disregard it in our consideration.
Dissipation of the injected electrons is described by a rate constant k 4 . The origin of this decay will be discussed below. The electron dynamics at the N719/FTO interface (see the right side of Fig. 6 ) are treated in a similar fashion, except that we do not consider the 1 MLCT→CB transition as discussed above.
The electron population dynamics at the N719/TiO 2 interface can be described by the system of differential equations:ṅ
where n S,T,CB denote the populations of the 1 MLCT, 3 MLCT, and CB states, respectively, and P (t) describes the time-dependent population rate of the 1 MLCT state with the actual temporal envelope of the pump pulse taken into account. One should stress again that n CB describes the CB state populated via injection from the 1 MLCT state and, thus, the rate constant k 3 is not involved in the third line of Eq. (1).
It is instructive to consider first the solution of Eq. (1) in the limit of long time delays, t ≫ τ CC , where the population n T (t) of the triplet 3 MLCT state constitutes the transient signal. Here τ CC represents the CC width. In this limit, the term P (t) becomes negligibly small and the solution for n T (t) can be found analytically. Taking into account that k 3 ≪ k 1 , k 2 , we obtain
The same equation describes the population dynamics of the 3 MLCT state at the N719/FTO interface in the limit of long time delays. In this case the rate k 1 should be neglected, k 1 = 0, since injection from the 1 MLCT state to FTO is excluded. One should note again that the decay rate k 3 of the 3 MLCT state is found to be the same for both TiO 2 and FTO electrodes.
It means that in the asymptotic time limit the ratio of populations of the triplet state at the two interfaces is constant, n T,FTO (t)/n T,TiO 2 (t) = A (t → +∞). Using the inequality
For the value A = 2.4 obtained from the experimental data (see section:Steady-state XUV spectra), we find that the ratio of the competing injection and relaxation rates of the 1 MLCT state at the N719/TiO 2 interface is k 1 /k 2 = 1.4. Thus, the injection rate into the CB is higher than the decay rate. Our finding is in a good agreement with the previously reported ratio of 1.5. 17 This supports the approximation made in our model, where we neglected the injection channel from the 1 MLCT state into FTO.
At shorter time delays, the temporal envelopes of the pump and probe pulses need to be taken into account to reproduce the experimental results. In this case the system of rate equations in Eq. (1) was solved numerically with the initial condition that all involved states were unpopulated at t → −∞. The ionization signal from the 1 MLCT, 3 MLCT and CB states was calculated by convolution of n S (t), n T (t) and n CB (t) with the temporal envelope of the probe pulse, assuming that the probe step is non-saturated. A Gaussian envelope was assumed for both pump and probe pulses, with a constrain that their convolution yields the measured CC trace. The numerical results were fitted to the spectrally decomposed experimental data shown in Fig. 5 , with rates k 1,2,3,4 being as fit parameters. The fit routine was applied to reproduce simultaneously the data sets obtained for both electrodes. In order to account for the CC signal from the bare substrates, a CC trace centered at time zero was added to the fit function and its amplitude was considered as an independent fit parameter. Such a dissipation mechanism could be particularly efficient in the present experiment due to the enlarged surface area of the substrate. A similar decay time constant of 300 fs was inferred from the measurements of carrier mobility with the use of time-resolved terahertz spectroscopy. 45 An alternative dissipation mechanism could be the electron escape from the probed surface into the bulk. Indeed, photoelectron spectroscopy allows probing the electron population within a surface skin layer of a fewÅ thickness, and the escape mechanism could well describe our observations. The kinetics of electron escape from surface was considered by Gundlach et al., 46 who applied time-resolved photoemission spectroscopy with a 10 fs time resolution to study charge transfer dynamics between catechol molecules adsorbed on a rutile TiO 2 substrate. It was found that the escape kinetics is characterized by an initial time constant below 10 fs, followed by a slower escape on a time scale of 50-100-fs and, eventually, by a long-lived tail in a picosecond range. One should also note that the electron motion direction with respect to the surface plays an important role in the escape kinetics, as reported by Rego et al. 47 on the basis of quantum-dynamics calculations. It was predicted that an injected electron diffuses into the [101] bulk direction on a 100 fs time scale.
Considering the random surface orientation of nano-colloidal particles used as the substrate in the present experiment, we find a good match between this value and the reported here time constant of the CB signal decay.
Summary
We have demonstrated that transient XUV photoemission spectroscopy is advantageous in revealing simultaneously both the injection kinetics at a dye-semiconductor interface and the energy structure of this complex system. With the use of this method, we identified for the first time directly the absolute binding energies of the singlet and triplet excited MLCT states of the N719 dye which are involved in the electron dynamics following the photoexcitation event. The singlet state is found to lie at 0.7 eV above the conduction band 
